Transferrin receptor 1 (R) and human serum transferrin (T) are the two main actors in iron acquisition by the cell. R binds TFe 2 (iron-loaded transferrin), which allows its internalization in the cytoplasm by endocytosis. T also forms complexes with metals other than iron. In order to follow the iron-acquisition pathway, these metals should obey at least two essential rules: (i) formation of a strong complex with T; and (ii) interaction of this complex with R. In the present paper, we propose a general mechanism for the interaction of five metal-loaded Ts [Fe(III), Al(III), Bi(III), Ga(III) and Co(III)] with R and we discuss their potential incorporation by the iron-acquisition pathway. With iron-and cobalt-loaded Ts, the interaction of R takes place in two steps: the first is detected by the T-jump technique and occurs in the 100 μs range, whereas the second is slow and occurs in the hour range. Bi(III)-and Ga(III)-loaded Ts interact with R in a single fast kinetic step, which occurs in the 100-500 μs range. No interaction is detected between R and aluminium-saturated T. The fast steps are ascribed to the interaction of the C-lobe of metal-loaded T with the helical domain of R: dissociation constant, K 1 , of 0.50 ± 0.07, 0.82 ± 0.25, 4 ± 0.4 and 1.10 ± 0.12 μM for Fe(III), Co(III), Bi(III) and Ga(III) respectively. The second slow steps are ascribed to changes in the conformation of the protein-protein adducts which increase the stability to achieve, at thermodynamic equilibrium, an overall dissociation constant, K 1 , of 2.3 and 25 nM for Fe(III) and Co(III) respectively. This last step occurs over several hours, whereas endocytosis takes place in several minutes. This implies that metal-loaded Ts are internalized with only the C-lobe interacting with R. This suggests that, despite a lower affinity for R when compared with TFe 2 , some metal-loaded Ts can compete kinetically with TFe 2 for the interaction with R and thus follow the iron-acquisition pathway.
Introduction
Iron is an essential trace element for almost all life forms. It is involved in oxygen transport, key metabolic reactions, DNA synthesis, etc. Iron is also potentially toxic because of its fundamental role in the Fenton and Haber-Weiss reactions [1] . In these reactions, iron, in excess, catalyses the generation of the highly reactive hydroxyl radical species which are capable of oxidizing lipids, DNA and proteins. Although it is the second most abundant metal on earth, the main problem with iron is its lack of bioavailability. Indeed, the most stable form of iron is Fe(III), which is insoluble in neutral and physiological media. Therefore, in order to acquire it, vertebrates use proteins, the transferrins [2] . In humans, iron acquisition by the cell is mediated by the transferrin-receptor adduct. Human serum transferrin (T) is a glycoprotein containing approx. 700 amino acids. It consists of two homologous lobes, the N-and the C-lobe [3] . Each of the two lobes is composed of two domains of similar size, and contains an Key words: fast kinetics, iron acquisition, protein-protein interaction, thermodynamics, transferrin, transferrin receptor 1.
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iron-binding site located in a cleft. During iron uptake and release, the domains undergo conformational changes which bring on a transition of the binding cleft from an 'open' to a 'closed' conformation [4, 5] . The transferrin receptor 1 (R) is a disulfide-linked homodimeric protein [6] . Each monomeric transferrin receptor subunit (TfR) consists of 760 amino acids, possesses a short cytoplasmic N-terminal region, a single transmembrane domain and a large extracellular ectodomain. Each monomer can bind one T. The ectodomain shows three identified domains [6] : the helical, the apical and the protease-like, which is close to the plasma membrane. Only TFe 2 (iron-loaded transferrin) binds the receptor at the cell surface which leads to the main iron-acquisition pathway from the bloodstream to the cytoplasm by receptor-mediated endocytosis [7] . In the cytosol, the endosome containing the holotransferrin-receptor adduct is acidified, and iron is thus released [8] . The apotransferrinreceptor adduct is afterwards recycled back to the cell surface, where apotransferrin is released in the bloodstream [9] . The entire process occurs within 4-15 min [10] .
The fact that, in humans, T is only approx. 30% saturated with iron gives it a potential capacity for binding metals other than iron [11] [12] [13] [14] . Indeed, T forms stable complexes with more than 40 different metals [11] . Such binding may play an important role in the transport and delivery of medical diagnostic radioisotopes such as 67 Ga 3+ [15] , 60 Co 3+ [16] and [17] , toxic metals such as Al 3+ [18, 19] , and therapeutic metal ions such as Ru 3+ and Ti 4+ [20] [21] [22] . Can these metals be incorporated via the iron-acquisition pathway?
For this purpose, they should obey at least two essential rules: (i) formation of a strong complex with T (this is the case for the metals dealt with here); and (ii) interaction of the TM 2 (metal-loaded transferrin) with the receptor.
In the present paper, by the use of the techniques and methods of chemical relaxation [23, 24] , we propose a mechanism for the interaction of TFe 2 and TfR and investigate the eventual interaction between TM 2 (where M = Al, Bi, Ga or Co) and TfR. The TM 2 s were synthesized, purified and then characterized spectrophotometrically [25] [26] [27] [28] [29] , and by electrophoresis [30] . R was extracted from human placenta and purified on an Affigel column doped with holotransferrin [31] . R was obtained in a pure form and was used without cleaving the endodomain. R was labelled with rhodamine outside its area of interaction with holotransferrin. This was done on the Affigel column when the receptor was still interacting with holotransferrin [7] .
Thermodynamics
Except for TAl 2 (aluminium-loaded transferrin), at a fixed pH value, adding TM 2 to a solution of R in the presence of 1% CHAPS leads to a decrease in fluorescence intensity accompanied by a red shift in the emission maximum. This fluorescence variation describes the molecular interaction of the receptor with TM 2 (eqn 1):
Where TfR is receptor subunit, and (TfR)-(TM 2 ) is the protein-protein adduct in an unknown state.
If eqn (1) is valid, at a fixed pH value and at the final equilibrated state, the differential fluorescence emission between TfR-TM 2 and TfR should obey eqn (2): 
This implies the involvement of a single proton loss from TfR or TM 2 , with an acid-base dissociation constant K 1a . This allows the interaction between the two proteins with an apparent overall dissociation constant K 1 .
For the four TM 2 s, K 1a = 10 ± 1.5 nM. This implies the probable involvement of the loss of one proton from TfR before interacting with the TM 2 . As a matter of fact, in the vicinity of neutrality, TfR exists as two prototropic species TfR and TfR (eqn 4) [7] :
where
. K 1a is determined by spectrophotometric titration as 9 ± 1.5 nM. This value is identical with the acid-base dissociation constant determined previously for eqn (3). We thus confirm that the four TM 2 s interact with the deprotonated form of the receptor (eqn 5), with overall dissociation constants
3 nM, 25 nM, 1.1 μM and 4 μM for TFe 2 , TCo 2 (cobaltloaded transferrin), TGa 2 (gallium-loaded transferrin) and TBi 2 (bismuth-loaded transferrin) respectively (Table 1 ) [7, [27] [28] [29] :
We did not detect any interaction between TAl 2 and TfR [26] .
The affinity of R for TFe 2 is the highest of all those measured for the other TM 2 s. Furthermore, in the case of TGa 2 and TBi 2 , the K 1 values are at least 500-fold those reported for TFe 2 . Can these metals perturb the iron-acquisition pathway? The answer will be provided by the chemical relaxation kinetic analysis.
Kinetics
When TM 2 is added to a solution of TfR, we observe two or three kinetic processes (Figure 1 ). The first and second phenomena are detected by the T-jump technique and are observed equally for the four TM 2 s ( Figure 1A) . The third kinetic process is detected by the variation of the differential absorption with time. It is observed only for TFe 2 and TCo 2 ( Figure 1B) .
When a solution of TfR with or without TM 2 is submitted to a fast T-jump, a fast decrease in the fluorescence emission is observed ( Figure 1A ). This process is not time-resolved by the Joule effect T-jump technique (<0.5 μs). It corresponds to the interaction of TfR with the CHAPS micelles [7] . The second process occurs in the range 50-100 μs as an exponential increase in the fluorescence emission, leading to a kinetic intermediate, TfR-TM 2 ( Figure 1A) . The experimental reciprocal relaxation time values (τ 1 ) −1 depend on c 0 , c 1 and pH. This second process can be ascribed to the interaction of TM 2 with the deprotonated receptor (eqn 6):
The reciprocal relaxation time equation associated with eqn (6) is expressed as eqn (7):
which can be expressed as eqn (8):
The experimental data obey eqn (8) [7, [27] [28] [29] .
The two fast processes of Figure 1 (A) are observed with both native and rhodamine-labelled TfR. In the latter case, the λ ex was 573 nm for a λ em 593 nm. The experimental reciprocal relaxation times (τ 1 ) −1 related to the second process are identical for both the native and rhodamine-labelled receptor. This implies that the rhodamine labelling does not affect the kinetic analysis. It, however, increases the signal-tonoise ratio which decreases the experimental uncertainties.
The third kinetic process is slow and lasts more than 1 h for TFe 2 and TCo 2 ( Figure 1B) . Under the chemical relaxation conditions, it seems to be independent of the experimental parameters. This phenomenon can describe a first-order kinetic process, with experimental relaxation times τ 2 ≈ 3400 ± 600 s and 2500 s τ 2 5000 s for TFe 2 and TCo 2 respectively. This slow process is ascribed to a change in the conformation of the TfR-TM 2 adduct (eqns 9 and 10):
(τ 2 )
with
and (3.1 ± 0.7) × 10 −2 for TFe 2 and TCo 2 respectively [7, 29] .
At the end of this final process, the protein-protein adduct attains its final equilibrated state. The thermodynamic species is therefore consolidated by this final conformational change which increases the affinity by more than 300-and 30-fold for TFe 2 and TCo 2 respectively [7, 29] . 
Discussion
Our results deal with the complete receptor in the presence of CHAPS micelles. These can play the role of an artificial membrane where the endodomain of the protein interacts with the micelles and the ectodomain is directed towards the aqueous medium [32] . In CHAPS micellar medium, the whole receptor is monomolecular, whereas it forms aggregates in a purely aqueous medium. Furthermore, the CHAPS micelles do not interfere with the interaction of TfR with TM 2 [7] .
We have first investigated the thermodynamics of the interaction between TM 2 and R (Table 1 ) and showed the absence of a detectable interaction between TAl 2 and TfR. This suggests that Al 3+ incorporation does not occur through the main iron-acquisition pathway [26] .
In the final equilibrated state, the dissociation constants of the interaction of TfR with TM 2 are, in the case of bismuth and gallium, at least 500-fold larger than those found for TFe 2 (Table 1) [27, 28] . This implies that there is no possible thermodynamic competition between TFe 2 and TBi 2 or TGa 2 towards the interaction with R. However, the interaction between TfR and TM 2 (where M = Fe, Ga, Bi or Co) occurs in two steps at the most. The first fast step is observed for all four TM 2 s. It corresponds to the interaction of TM 2 with R. This step lasts less than 1 ms ( Figure 1A) . The second slow step is observed only for TFe 2 and TCo 2 . It takes more than 1 h ( Figure 1B ). There are two binding sites on TfR: the first in the helical domain, whereas the other is in the protease-like domain [33] . The C-lobe of TFe 2 is believed to interact strongly with the helical domain, whereas the N-lobe is supposed to interact less strongly with the protease-like domain [33] . A transposition of these results to the mechanism of interaction of TM 2 with TfR suggests that the first step in the protein-protein interaction is related to that of the C-lobe with the helical domain to form a kinetic intermediate. As for the second slow step, it is ascribed to conformation changes of the protein-protein adduct which allow the interaction of the protease-like domain with the N-lobe of a T, the C-lobe of which is already interacting with TfR. This interaction is weak; however, it stabilizes the protein-protein adducts more than 30-fold [7, 29] .
Receptor-mediated endocytosis and iron release in the endosome are processes which occur in a few minutes [8] , whereas the whole interaction of TFe 2 with R takes more than 1 h. Furthermore, we have ascribed the first step in this TFe 2 -TfR interaction to that of the C-lobe of TFe 2 with the helical domain of TfR. This process occurs in the 10-100 μs range. It is therefore much faster than endocytosis, which implies that holotransferrin is internalized in the cell mainly with its C-lobe interacting with the helical domain of TfR (Figure 2 ). We can therefore bring a further precision to the second condition required for metal incorporation via the iron-acquisition pathway and, as mentioned in the Introduction, the C-lobe of the TM 2 must be able to compete with that of holotransferrin for the interaction with the helical domain of TfR (Figure 2) . This is the case with Ga 3+ , Bi 3+ and Co 3+ . Indeed, all these TM 2 s react extremely rapidly with TfR and can compete with the C-lobe of holotransferrin for the interaction with the helical domain of TfR. This can easily be concluded from the dissociation constants K 1 ( Table 1 ) which suggest that Ga 3+ , Co 3+ and Bi 3+ can be transported from the bloodstream to the cytoplasm by the iron-acquisition pathway or eventually perturb this iron-acquisition pathway.
